Older adults exhibit deficits in motor memory consolidation; however, little is known about the cerebral correlates of this impairment. We thus employed fMRI to investigate the neural substrates underlying motor sequence memory consolidation, and the modulatory influence of post-learning sleep, in healthy older adults. Participants were trained on a motor sequence and retested following an 8-h interval including wake or diurnal sleep as well as a 22-h interval including a night of sleep. Results demonstrated that a post-learning nap improved offline consolidation across same-and next-day retests. This enhanced consolidation was reflected by increased activity in the putamen and the medial temporal lobe, including the hippocampus, regions that have previously been implicated in sleep-dependent neural plasticity in young adults. Moreover, for the first time in older adults, the neural substrates subserving initial motor learning, including the putamen, cerebellum, and parietal cortex, were shown to forecast subsequent consolidation depending on whether a post-learning nap was afforded. Specifically, sufficient activation in a motor-related network appears to be necessary to trigger sleep-facilitated consolidation in older adults.
Introduction
There has been accumulating evidence over the last several years that older adults have difficulties transforming recently learned motor skills into robust, long-lasting memories via the process of consolidation [Spencer et al. 2007; Brown et al. 2009; Wilson et al. 2012; Fogel et al. 2014; Roig et al. 2014 , see King et al. (2013) for review]. Despite the significant behavioral deficits, surprisingly little is known about the neural substrates underlying motor memory consolidation in older adults. A deeper understanding of these neural correlates will not only provide insights into the cerebral mechanisms underlying this deficit, but perhaps also lead to the development of new avenues to amplify neuroplasticity and minimize age-related motor impairments.
To examine the behavioral and neural correlates of motor learning and consolidation, researchers have frequently employed motor sequence learning (MSL) paradigms, during which a series of simple, stereotyped movements are integrated into a unitary well-rehearsed sequence (e.g., Karni et al. 1995) . Following the initial learning phase, the acquired memory trace undergoes a consolidation process which-in young adults-is known to be dependent on cortico-striatal and -hippocampal networks [see Doyon, Bellec, et al. (2009) , Penhune and Steele (2012) , for reviews]. This consolidation process is enhanced by a sleep opportunity afforded after initial learning, a benefit that is supported by changes in activity and connectivity within the cortico-striatal and -hippocampal networks (Walker et al. 2005; Albouy et al. 2008; Debas et al. 2010 Debas et al. , 2014 Albouy, Sterpenich, et al. 2013; Barakat et al. 2013; Fogel et al. 2014) . Furthermore, several investigations have demonstrated that task-dependent activity and connectivity during the initial learning phase forecast subsequent offline (i.e., in the absence of task practice) consolidation in young adults (Albouy et al. 2008 Steele and Penhune 2010; Albouy, Sterpenich, et al. 2013) , effectively providing a link between the neural substrates underlying encoding and offline processing. Similar to above, these relationships between initial activations during learning and offline consolidation have been shown to be influenced by sleep (Albouy et al. 2008 Albouy, Sterpenich, et al. 2013) . Specifically, the amplitudes of the responses in the hippocampus and striatum during the acquisition phase were related to subsequent overnight, but not over the day, enhancements in performance (Albouy et al. 2008) . Collectively, the extant literature on young adults has demonstrated that activity in cortico-striatal and hippocampal networks-during encoding as well as across consolidation intervals-interacts with post-learning sleep to influence motor sequence memory consolidation.
At the behavioral level, numerous studies have shown that while the capacity to encode new motor memories is preserved, older adults generally demonstrate impairments in consolidation (e.g., Brown et al. 2009; Roig et al. 2014 ) and fail to exhibit the same benefit from post-learning sleep as observed in the young population [Spencer et al. 2007; Wilson et al. 2012; Pace-Schott and Spencer 2013; Fogel et al. 2014 , but see Tucker et al. (2011) , Gudberg et al. (2015) ]. Paradoxically, while the neural substrates underlying the initial MSL phase in older adults have been well characterized (Daselaar et al. 2003; Aizenstein et al. 2006; Rieckmann et al. 2010; Simon et al. 2012) , considerably less is known about the neural correlates of consolidation in the aging population. Previous research in our laboratory, however, reported that older adults who were afforded a post-learning nap opportunity, when compared with a wake condition, did not exhibit significantly different changes in activation in motor-related networks from initial training to a same-day retest, a finding that mirrored the behavioral results as the nap and wake groups exhibited comparable offline changes (Fogel et al. 2014) . Moreover, the relationship between task-dependent activity during initial learning and subsequent offline consolidation has yet to be investigated in older adults. Given that striatal and hippocampal activities are known to be critical for subsequent sleep-dependent consolidation in young adults (Albouy et al. 2008; Albouy, Sterpenich, et al. 2013 ) and that older individuals exhibit an altered pattern of hippocampal involvement during initial learning (Rieckmann et al. 2010) , it is possible that the lack of sleep-facilitated consolidation frequently reported in the aging literature may be partially attributed to alterations in the neural correlates of encoding, and in the striatum and hippocampus in particular.
Accordingly, the overarching aim of the present experiment was to address 2 primary knowledge gaps with respect to the neural correlates of motor sequence memory consolidation, and the role of sleep in consolidation processes in particular, in healthy older adults. Our first objective was to investigate how brain activation patterns in older adults during the initial learning phase predict subsequent consolidation over same-and next-day consolidation intervals and whether these relationships are modulated by post-learning diurnal sleep (i.e., a nap). The relationship between the neural correlates of encoding and offline processing may provide insights into the age-related motor memory consolidation deficits highlighted above. Second, previous research investigating the neural correlates of motor sequence memory consolidation has predominantly focused on relatively short-term time scales [i.e., within the same day, see Fogel et al. (2014) ]. There is indirect evidence to suggest that consolidation in older adults is a protracted process during which additional benefits emerge over longer time scales (Tucker et al. 2011; Gudberg et al. 2015) . Specifically, offline improvements in older adults were greater from 12 to 24 h post-training, when compared with 0-12 h, independent of whether this extended interval contained sleep (Gudberg et al. 2015) . Accordingly, the present research will examine the neural correlates of motor sequence memory consolidation in older adults over a 22-h window, with assessments conducted following an 8-h interval including wake or diurnal sleep as well as following a full night of sleep. The results of this research will provide an in-depth characterization of the neural correlates of motor sequence memory consolidation, and the modulatory influence of sleep, across same-and next-day retention intervals in healthy older adults.
Materials and Methods

Participants
Healthy, right-handed (Oldfield 1971) , older adults (55 years and older) were recruited from Montréal and the surrounding area to serve as participants. To be eligible for the experimental protocol, subjects were nonsmokers with a body mass index ≤30 and free of prescription medications known to influence sleep. To ensure minimal experience in tasks requiring dexterous finger movements similar to that employed in the current study, professional musicians and typists were excluded. Those who worked night shifts or took transmeridian trips in the previous 3 months were also not permitted to participate. All subjects had no known history of neurological, psychological, psychiatric, or sleep disorders, and scored ≤12 on the Beck Depression Inventory-II (Beck et al. 1996) , ≤10 on the Beck Anxiety Inventory (Beck et al. 1988) , and ≤7 on the Epworth daytime sleepiness scale (Johns 1991) . Participants had no signs of cognitive impairment, as indicated by the Mini-Mental State Examination (Cockrell and Folstein 1988) and forward digit span assessment scores ≥25 and 5, respectively. They were free of MRI contraindications and had no evidence of sleep disorders, as assessed by an overnight polysomnographic (PSG) screening night. Specifically, subjects had a respiratory disturbance index ≤7.5, an arousal-associated periodic limb movement index ≤20, and sleep efficiency ≥70% during the screening night. A total of 37 subjects met these inclusion criteria and participated in the experiment. Six were excluded from the analyses: 4 voluntarily withdrew from the study prior to completion and 2 failed to appropriately perform the MSL task during the initial session (i.e., prior to the Nap/No Nap random group assignment). Specifically, one subject was excluded for an inability to learn the sequence (i.e., peak performance was achieved within the first 2 blocks followed by a progressive performance decrease across blocks). The second participant was excluded for poor performance with respect to sequence accuracy (i.e., >2.5 standard deviations less than the group average). The 31 remaining eligible participants (see Supplementary Table 1 in Supplementary Methods) were assigned to 1 of 2 experimental groups: Nap (n = 15; mean age ± SE = 61.9 ± 1.2 years) and No Nap (n = 16; mean age ± SE = 63.5 ± 1.4 years).
The Ethics Committee at the Institut Universitaire de Gériatrie de Montréal (Montréal, QC, Canada) provided ethical and scientific approval of this study. Written informed consent was obtained from all subjects. Participants were provided monetary compensation for their time, effort, and incurred travel costs.
Overall Experimental Design
Following the screening process, the experimental protocol consisted of 2 visits to the Centre de Recherche Institut Universitaire de Gériatrie de Montréal (CRIUGM). The first visit (Day 1) entailed an afternoon habituation nap (90 min) that began at approximately 1 PM. The participants' sleep during the habituation nap was monitored with PSG (see below for details), but data were not used in the analyses. Rather, the purpose was to further acclimatize the participants to sleeping in the laboratory with the PSG equipment, hence increasing the probability that subjects would sleep during the nap opportunity in the subsequent experimental session. Participants returned to the laboratory approximately 7 days later for the second visit that lasted 24 h (Fig. 1) . Participants completed the MSL task (see the "Motor Sequence Learning Task" section below for details) at approximately 11 AM while functional blood oxygen level-dependent (BOLD) images were obtained (see the "Brain Imaging Data Acquisition and Analysis" section). Participants were afforded the opportunity to have a small snack following this session. Subsequently, participants were then randomly assigned to either a Nap or No Nap experimental condition for a 90-min interval, which started at approximately 12:30 PM and was monitored with PSG in both groups. During this interval, participants in the No Nap condition were positioned supine in the bed and permitted to read under dim light conditions, while being monitored to ensure they remained awake for the duration of the interval. If signs of drowsiness were observed on PSG recordings (e.g., elevated alpha activity, lower muscle tension, and slow rolling eye movements), the experimenter entered the room to alert the participant. In contrast, subjects in the Nap condition were given the opportunity to sleep, and PSG data were used for further sleep analyses (see Table 1 for details on sleep stages). Following the nap/wake interval, participants from the 2 groups were permitted to read, watch a movie, or go on a light walk before being provided dinner. At approximately 7 PM, participants returned to the scanner to complete the 8-h MSL retest session, and subsequently remained in the sleep laboratory overnight during which PSG recordings were obtained for subsequent sleep analyses (Table 1) . Subjects returned to the MRI scanner at approximately 9 AM the following day to complete the 22-h MSL retest session. This retest occurred at least 90 min after the participants' wake time, ensuring the dissipation of sleep inertia effects and affording the opportunity for a light breakfast.
On testing days, participants were instructed to abstain from alcohol and caffeine consumption. For the days between the nap habituation and initial MSL training, the sleep-wake cycles of the participants were monitored with an actigraph worn on the wrist as well as a self-report sleep journal. The averaged sleep interval (i.e., from sleep onset to wake onset) was 8.01 h (SD = 0.63) for up to 7 nights prior to the initial MSL session and there was no difference between the 2 experimental groups (P = 0.12). Prior to each of the 3 MSL sessions in the MRI scanner, subjective and objective measures of vigilance were obtained with the Stanford Sleepiness Scale (SSS; MacLean et al. 1992 ) and the Psychomotor Vigilance Task (PVT; Dinges and Powell 1985) , respectively. The Nap and No Nap groups did not differ on either the SSS or the PVT for any of the 3 MSL sessions (all P > 0.34).
MSL Task
MSL was tested with an adapted version of the sequential finger tapping task (Karni et al. 1995 ) that has been employed extensively in our laboratory (e.g., Doyon, Korman, et al. 2009; Debas et al. 2010; Fogel et al. 2014) . A custom-made MR-compatible response box with 4 buttons positioned horizontally was used. Prior to the initial training session, participants were shown a PowerPoint (Microsoft Corporation, Redmond, WA, USA) presentation providing detailed instructions, while a researcher demonstrated the series of tasks described below. Participants were positioned supine in the scanner and instructed to use fingers of their (nondominant) left hand and the corresponding buttons of the response box to perform an explicitly known sequence of finger presses: 4-1-3-2-4, where 4 and 1 correspond to the little and index fingers, respectively. To ensure that participants memorized the appropriate sequence of finger movements, they were asked to complete 3 consecutive sequences slowly and without errors prior to beginning the MSL task. Participants were then asked to Figure 1 . Experimental protocol. Following a screening night and a habituation nap (not shown), participants completed an initial MSL session at 11 AM. Retests were administered 8 and 22 h later. All MSL sessions were completed in the MRI scanner while BOLD images were obtained. PSG was recorded during the nap/wake interval that immediately followed training as well as the overnight sleep session between the 8-and 22-h retests.
complete the sequence of finger movements at a fixed rhythm while functional BOLD images were acquired in order to investigate the neural correlates of task repetition [∼32 sequences in total; see Gabitov et al. (2014 Gabitov et al. ( , 2015 ]. This rhythmic task (details provided in Supplementary Methods) was administered prior to initial training and the 22-h retest. As the results from this task are outside the scope of this study, data are not included here. However, the 2 groups did not differ on the number of keys pressed or the number of correct movement sequences performed (all P > 0.70); thus, the inclusion of this task cannot explain any group differences in the results of the subsequent MSL task reported here. Subsequently, participants were then asked to execute the sequence of finger movements as fast as possible, while making as few errors as possible while functional BOLD images were recorded. Participants were required to continuously repeat the motor sequence when a fixation cross, displayed on the rear-projected screen, became green and to rest when the cross was red (25 s rest breaks, which served as the baseline condition in the fMRI block design). Unbeknownst to the participants, the cross remained green until the completion of 60 presses (ideally corresponding to 12 correct sequences). Participants were instructed to return to the beginning of the sequence if an error was made. The initial training consisted of 14 blocks of practice, whereas the 8-and 22-h retests contained 4 blocks each. The shortened training sessions in the 8-and 22-h retests allowed us to assess the influence of the nap/wake and overnight intervals on offline motor sequence memory consolidation while minimizing on-line learning. It is important to note that with this particular task (i.e., the absence of a random or novel sequence), we were not able to differentiate sequencespecific learning from general skill learning (e.g., .
During the MSL sessions, the timing of all key presses was recorded for subsequent data processing. Performance was assessed with a variable performance index (PI; Eq. 1) that included both speed (e.g., Sequence Duration) and accuracy (e.g., Errors) measures and used in the previous research (Dan et al. 2015) .
where x = blocks of trials. Sequence Duration was defined as the averaged time to complete correct sequences within each block. Errors were defined as the maximum number of correct sequences (i.e., 12) minus the number of actual correct sequences within each block. This aggregate speed/accuracy measure PI was our primary dependent variable as both speed and accuracy were equally important components of the MSL task (i.e., participants are instructed to perform the sequence as fast as possible with as few mistakes as possible). PI also offered the benefit of accounting for interindividual variations in the "strategy" to complete the task, as some participants may opt to prioritize speed at the expense of errors while others prefer to be accurate but may move slightly slower. Results on Sequence Duration and Number of Correct Sequences for all experimental sessions are presented independently in Supplementary Material. PI for the initial training session was analyzed with a Block (14) × Group (2) ANOVA. To assess offline changes in performance reflecting memory consolidation and consistent with earlier studies (Korman et al. 2007; Fogel et al. 2014) , PI from each block in the 8-and 22-h retests was re-computed as the difference from the average performance on the last 4 blocks of practice in the training session. To ensure that these offline changes were not confounded by group differences at the end of training, a Block (4) × Group (2) ANOVA was conducted on the last 4 blocks. Results revealed no Group (P = 0.61) or Group × Block effects (both P = 0.54), demonstrating that performance at the end of training was comparable in the 2 groups. Moreover, the lack of a significant Block effect (P = 0.49) suggests that a performance plateau at the end of training was reached. Offline changes in the 8-and 22-h retests were then analyzed with a Group (2) by Session (2) × Block (4) ANOVA.
Polysomnography
Embla titanium systems (Natus Medical, Inc., San Carlos, CA, USA) with RemLogic Version 1.3 software were used for PSG acquisition. For the experimental nap and night sessions, standard PSG measures including (1) electroencephalography (EEG) from 14 scalp derivations (F3, Fz, F4, C3, Cz, C4, P3, Pz, P4, O1, Oz, O2, A1, A2 with FPz, and AFz as the recording reference and ground, respectively) according to the international 10-20 system; (2) electrooculography (EOG); and (3) bipolar submental electromyography (EMG; all obtained at a sampling rate of 256 Hz). During the preliminary screening night, data from only 4 EEG scalp derivations (C3, Cz, C4, and Oz) were recorded. Moreover, a nasal/oral thermistor and 2 respiratory belts (abdomen and thorax) were used to screen for signs of apnea/hypopnea, while EMG electrodes were attached to the tibialis anterior muscles to assess periodic leg movements. For all PSG recordings, sleep stages were visually scored in 30 s epochs displaying EOG and EEG (high-pass filter = 0.3 Hz, low-pass filter = 30 Hz) as well as bipolar submental EMG (high-pass filter = 10 Hz, low-pass filter = 70 Hz). A certified sleep technologist completed the sleep stage scoring according to criteria defined by the American Academy of Sleep Medicine (Iber 2007) using RemLogic Version 1.3 software. One No Nap participant experienced 60 s of fragmented NREM sleep during the wake period, but remained in the analyses since the amount of sleep was light and minimal in total duration. The remaining No Nap participants were awake for the duration of the interval.
Brain Imaging Data Acquisition and Analysis
Acquisition Parameters Brain images were acquired using a 3.0-T TIM TRIO magnetic resonance imaging (MRI) system (Siemens, Erlangen, Germany) and a 12-channel head coil. For all subjects, a structural T 1 -weighted MRI image was acquired using a 3D magnetization-prepared 
Analysis
Functional volumes were preprocessed and analyzed using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/; Welcome Department of Imaging Neuroscience, London, UK) implemented in Matlab (version 7.10 R2010a). First, each participant's functional volumes were realigned to the first volume of the session using rigid body transformations, iteratively optimized to minimize the residual sum of squares between the first and each subsequent image separately for each session. Functional images were then coregistered to the high-resolution T 1 -weighted anatomical image using a rigid body transformation optimized to maximize the normalized mutual information between the 2 images. The coregistered structural image was segmented into gray matter, white matter, and cerebrospinal fluid. An average subject-based template was created using DARTEL in SPM8, and registered to the MNI space. All functional and anatomical images were then normalized using the resulting template. Finally, spatial smoothing was applied on all functional images [Gaussian kernel, 8-mm full-width at half-maximum (FWHM)]. The fMRI data were analyzed in 2 serial steps to account for intraindividual (fixed effects) and interindividual (random effects) variance. The analyses used a general linear model that included responses to the practiced sequence and its linear modulation by PI within each practice session (Training, 8 and 22 h retests). These regressors consisted of box cars convolved with the canonical hemodynamic response function. Incorrect key presses occurring within practice blocks and movement parameters derived from realignment of the functional volumes were included as covariates of no interest. High-pass filtering was implemented in the design matrix using a cutoff period of 128 s to remove low-frequency drifts from the time series. Serial correlations in fMRI signal were estimated using an autoregressive (order 1) plus white noise model and a restricted maximum likelihood (ReML) algorithm.
Linear contrasts tested the main effect of practice during each session (i.e., Training, 8 and 22 h retests), as well as betweensession changes in responses (i.e., 8 h vs. Training, 22 h vs. Training), and generated corresponding statistical parametric maps [SPM(T)] at the individual level. The resulting contrast images were then further spatially smoothed (Gaussian kernel 6 mm FWHM) and entered in a second-level analysis, accounting for intersubject variance and allowing inferences to be made at the population level. In the second-level analyses of the initial training session, a one-sample t-test was run on the entire sample as subjects completed the same procedure up to this point. To assess group main effects, we conducted two-sample t-tests to confirm similar activation patterns across the 2 groups during the initial training session (i.e., [Training: (Nap vs [Nap vs. No Nap] ). Finally, in order to assess how activation patterns during initial training were related to the subsequent offline changes in performance observed in the 2 groups, we regressed the contrast images from initial training against the intersession changes in performance in subjects of both groups. Two-sample t-tests then compared these regressions between groups.
The resulting set of voxel values for each analysis described above constituted maps of the t statistic displayed at a threshold of P < 0.005 uncorrected for multiple comparisons. Statistical inferences for contrasts in the main text were performed at a threshold of P < 0.05 after family-wise error (FWE) corrections for multiple comparisons over either the entire brain volume or over small spherical volumes (10 mm radius) around a priori selected locations of activations in structures of interest (i.e., frontal, motor, and parietal cortices, thalamus, basal ganglia, cerebellum, and medial temporal lobe) based on published research on learning and consolidation (see Supplementary Methods for precise coordinates used). The anatomical automatic labeling (AAL) toolbox in SPM8 as well as MRI atlases (Schmahmann et al. 2000; Petrides 2012 ) were used to label significant regions of activation.
Results
Behavior
PIs for the 3 sessions are depicted in Figure 2A -C. A mixed-design block (14 levels) by group (2) ANOVA on PI during the training session revealed the expected significant block effect (F 13,377 = 12.43; P < 0.001), as both groups dramatically improved performance as a function of practice. Critically, however, there was no group main effect (P = 0.94) or group × block interaction (P = 0.10), indicating that the 2 groups did not differ in this initial learning phase.
To assess offline changes in performance, PI from each block in the 8-and 22-h retests was normalized relative to the last 4 blocks of training (Fig. 2B) . Results from the session (2) × group (2) × block (4) mixed-design ANOVA revealed significant effects for both session (F 1,29 = 24.3; P < 0.001) and block (F 3,87 = 25.1; P < 0.001), as the magnitude of the offline changes increased, unsurprisingly, across blocks of practice and the 2 retests. The interaction between block and group was not significant (P = 0.92), indicating that the 2 groups did not differ in online (re-) learning during the retest sessions. However, the main effect of group was significant (F 1,29 = 4.4; P = 0.04) and this difference was consistent across the 2 retests as indicated by the nonsignificant group × session interaction (P = 0.94). Collectively, these results indicate that a nap following initial learning of a motor sequence enhanced offline memory consolidation across same-and nextday retests in older adults. This beneficial effect was consistent across the 2 follow-up sessions, and thus the impact of the daytime nap lasted for at least 22 h.
As done in the current study, previous research has frequently computed offline changes based on 4 retest blocks (Korman et al. 2007; Fogel et al. 2014) . However, to ensure that the results did not differ depending on the number of blocks, we conducted a nearly identical analysis but with normalized data from the first 2 blocks of each retest session (Walker et al. 2002; . Results from the session (2) × group (2) × block (2) mixeddesign ANOVA remained consistent (group main effect: F 1,29 = 4.3; P = 0.04), confirming that the number of retest blocks included in the computation could not explain the group difference in offline changes.
Sleep
Sleep characteristics during the nap and night intervals are shown for the 2 groups in Table 1 . On average, participants showed consolidated sleep during both the nap and overnight sleep intervals and sleep efficiency equal to 66% and 87%, respectively. All participants in the Nap group slept more than 10 min during the 90-min nap interval (group average = 59 min). The 2 experimental groups did not differ in any of the sleep characteristics during the overnight session, and the values were comparable with those in the extant literature (Landolt et al. 1996; Landolt and Borbely 2001; Nicolas et al. 2001; Ohayon et al. 2004 ).
Functional Imaging
Initial Training An analysis of task-related activity during the initial learning session (collapsed across experimental groups as this was prior to the Nap/No Nap manipulation) revealed activations in an extensive motor-related brain network. These regions included bilateral parietal and sensorimotor cortices, as well as bilateral thalamus, cerebellum, and caudate nuclei. Furthermore, there were no significant differences in brain responses between the 2 experimental groups during the initial training session (see Supplementary Table 2) .
To assess whether activation patterns during initial training were related to the subsequent offline changes in performance, we regressed the contrast images from initial training against the intersession behavioral changes separately for each retest (Table 2-Regression with 8 h offline changes: Nap-No Nap). The results showed that the relationship between activity in a motor-related network during initial learning, including parietal cortex, cerebellum (lobule 6), putamen, and pallidum (all bilaterally), and offline changes at the 8-h retest differed between Nap and No Nap groups. Specifically, greater activation in these areas during initial encoding appeared to be more beneficial for subsequent offline consolidation if participants were afforded a nap after training, but was detrimental in those who remained awake ( Fig. 3 and see Supplementary Table 3 in Supplementary Results for significant relationships within each experimental group as well as collapsed across the 2 groups). Group differences in activity during initial training in a nearly identical network were also related to the behavioral intersession changes in the 22-h retest session (Table 2-Regression with 22 h offline changes: Nap-No Nap). These results collectively indicate that cerebral activation during training is predictive of behavioral offline changes in both same-and next-day retests in healthy older adults; this relationship differs depending on the sleep opportunity immediately after initial encoding.
Same-and Next-Day Retests
To test for possible session × group interactions, we first conducted an F-test with group (2 levels) and session (3 levels) as factors. Results revealed a significant main effect of Session and Group as well as Session × Group interaction in the striatum and the cerebellum (Table 3 ). To examine changes in brain activity specific to the over-day and overnight retention intervals, we then conducted pairwise t-tests to assess group differences in the changes in cerebral activity from initial training to each retest separately (i.e., The changes in activation from initial training to the 8-h retest differed between the Nap and No Nap participants in the medial temporal lobe (hippocampus and parahippocampus), putamen, bilateral precuneus, SMA, and premotor cortex as well as the left cerebellar hemisphere, and lobule 7 in particular ( Fig. 4 and Table 3 ). To better understand the direction of this group × session interaction, we investigated within-group changes in activation from initial training to the 8-h retest (see Supplementary  Table 4 in Supplementary Results). The Nap group exhibited significant increases in activity in the medial temporal lobe and putamen and significant decreases in activity in the precuneus and premotor cortex (Fig. 4) . Conversely, the No Nap participants had a significant increase in activation in the SMA across the sessions. Note that between-group differences in cerebral activity during the 8-h retest were consistent with the differences in activation changes from training to the 8-h retest highlighted above and are thus contained in Supplementary Results (see Supplementary Table 5 ).
There were no differences between the Nap and No Nap groups in the activation changes from initial training to the 22-h retest (i.e., no significant group × session interaction). However, during the 22-h retest, the Nap group exhibited significantly greater activations in the medial temporal lobe (parahippocampus) and parietal cortex when compared with the No Nap group. In contrast, the No Nap participants showed greater activity in the left cerebellum (Crus I and II) when compared with the Nap group (Fig. 5 and Table 4 ). In summary, the enhanced consolidation evident in the Nap group in the 22-h retest was associated with greater activation in the medial temporal lobe, whereas the No Nap participants were more dependent on the lateral cerebellum.
Discussion
The results from the current study demonstrated that: (1) A nap following an initial MSL session enhanced offline consolidation across both same-and next-day retests in healthy older adults; (2) task-related activations in a motor-related network, including the cerebellum, putamen, pallidum, and parietal cortex, during the initial learning session were differentially related to subsequent offline changes in behavior depending on whether or not a diurnal sleep opportunity was afforded after learning; and (3) the enhanced consolidation observed in the Nap group in the same-and next-day retests was reflected by greater activation in memory-related structures, including the putamen and medial temporal lobe (hippocampus and parahippocampus).
Collectively, our findings not only demonstrate that post-learning sleep can enhance motor memory consolidation in older adults, but also characterize the neural correlates of this beneficial effect across same-and next-day retention intervals.
Post-Learning Sleep Enhanced Offline Motor Sequence Memory Consolidation in Older Adults
The majority of research to date has indicated that sleep does not offer any additional benefits to offline motor memory consolidation in older adults (Spencer et al. 2007; Wilson et al. 2012; PaceSchott and Spencer 2013; Fogel et al. 2014) , whereas the current research demonstrated that a post-learning nap enhanced consolidation as early as the same-day retest conducted 8 h after initial learning. Although conjectural, there are several, and certainly nonmutually exclusive, explanations that could account for the discrepant results. First, the current experiment required participants to perform consecutive blocks of practice of the same explicitly provided sequence of finger movements, whereas a subset of the earlier research used a version of the serial reaction time task (SRTT) in which blocks of a random sequence were interleaved with the primary, to-be-learned sequence (Spencer et al. 2007; Wilson et al. 2012; Pace-Schott and Spencer 2013) . Although the latter version of the SRTT is beneficial for differentiating general improvements on the motor task from sequencespecific learning, the influence of these interleaved random sequences on learning and consolidation of the primary sequence, particularly in older adults, is largely unknown. As older adults are more susceptible to interfering factors (Roig et al. 2014) , the inclusion of the random sequences may therefore interfere with the consolidation of the primary sequence, effectively masking any potential sleep-related benefits. Second, the additional blocks of practice at a fixed rhythm prior to the initial MSL session in the current protocol allowed participants to obtain higher levels of Note: k = cluster size (determined at a threshold of P = 0.05 after SVC). Minimum cluster size = 5 voxels. FWE-SVC = family-wise error small-volume correction. x, y, and z coordinates are specified in the MNI space. Contrasts listed in Table 2 (Regression with 8 h offline changes: Nap-No Nap and Regression with 22 h offline changes: Nap-No Nap) revealed significant clusters of activation in the occipital cortex that are not reported as they are outside our regions of interest. Table 2 for details on significant clusters of activation. Significant relationships between offline changes and cerebral activity during training within each experimental group are provided in Supplementary Results Table 3 ). Note: k = cluster size (determined at a threshold of P = 0.05 after SVC). Minimum cluster size = 5 voxels. FWE-SVC = family-wise error small-volume correction. x, y, and z coordinates are specified in the MNI space. Contrasts listed in Table 3 (Sections 1.1 and 2.1) revealed significant clusters of activation in the temporal and occipital cortices that are not reported as they are outside our regions of interest.
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performance when compared with earlier research with a similar design (Fogel et al. 2014) . As previous research in both children and young adults has demonstrated that the performance levels obtained prior to sleep/wake retention interval influence the magnitude of sleep-related enhancements (Kuriyama et al. 2004; Hauptmann et al. 2005; Albouy et al. 2008; Stickgold 2009; Wilhelm et al. 2012) , preliminary results from our laboratory suggest that a similar interaction may exist between performance levels and sleep/wake states in healthy older adults . Specifically, there were no differences between sleep and wake conditions in offline motor sequence memory consolidation in a previous study when participants obtained relatively lower levels of performance, when compared with the current experiment, during initial learning (Fogel et al. 2014 ). However, if higher performance levels were reached during training, as in the current study, a post-learning sleep opportunity significantly minimized the deterioration of the memory trace otherwise evident over a wake interval. It should be emphasized that both of these potential explanations may influence sleep-facilitated consolidation in older adults. Table 3 for details on all significant clusters of activation. Activation changes between training and 8 h retest within each experimental group are contained in Supplementary Results Table 4 ). Between-group differences in task-related activity during the 8-h retest are shown in Supplementary Table 5. Consistent with our data, there are some earlier studies that have demonstrated sleep-dependent motor sequence memory consolidation in older adults (Tucker et al. 2011; Gudberg et al. 2015; Korman et al. 2015) . In Gudberg et al. (2015) , such a beneficial effect was observed when the MSL paradigm was adapted in order to remove highly dexterous finger movements from the task (e.g., participants completed a sequence of movements with the whole arm/hand). It is conceivable, however, that the results in Gudberg et al. (2015) may not be solely related to task-dependent dexterity requirements. We propose that successful performance of the adapted task employed in this earlier research-in comparison with the classic finger sequence paradigm-was more dependent on learning a spatial (allocentric) representation of the sequence and less dependent on acquiring a motor (egocentric) component (Hikosaka et al. 2002; Cohen et al. 2005; . Previous research in our laboratory has indicated that the allocentric component is more sensitive to sleep-dependent performance enhancements Albouy et al. 2015) . Thus, in addition to decreasing the task-dependent dexterity requirements, the increased spatial nature of the adapted version of the task employed in Gudberg et al. may have also contributed to the sleep-dependent benefit to consolidation. Such an explanation is certainly hypothetical and necessitates further testing. Nonetheless, the results from the current research build on top of these earlier investigations (Tucker et al. 2011; Gudberg et al. 2015; Korman et al. 2015) by demonstrating that post-learning sleep can indeed enhance offline consolidation in older adults.
As a brief point of emphasis, the nap condition in the current research minimized deterioration of the memory trace (i.e., performance degradation) that occurred over a wake interval. Although indicative of sleep-dependent consolidation, this result was still different from what is typically observed in young adults in which sleep tends to result in offline performance enhancements [Fischer et al. 2002; Walker et al. 2002; Walker and Stickgold 2006; Albouy et al. 2008; Doyon, Korman, et al. 2009 ; but see Nettersheim et al. (2015) and Pan and Rickard (2015) ]. In fact, older adults who napped in the current study exhibited similar offline changes at the 8-h retest as typically observed in young adults who remain awake. Similar deterioration over a wake period has not only been previously demonstrated in older individuals (Tucker et al. 2011; Roig et al. 2014; Gudberg et al. 2015; Korman et al. 2015) , but is also similar to that observed in young adults who completed an interference task shortly following training (Korman et al. 2007 ). The motor memory deterioration exhibited by older adults in the current study may thus be partially attributed to potential interference from various activities experienced throughout the wake interval. Older adults have indeed shown increased susceptibility to interference (Roig et al. 2014) . However, as demonstrated by the current results and consistent with earlier research in young adults (Korman et al. 2007) , an afternoon nap immediately following training minimized this offline deterioration. Table 4 for details on significant clusters of activation. Note: k = cluster size (determined at a threshold of P = 0.05 after SVC). Minimum cluster size = 5 voxels. FWE-SVC = family-wise error small-volume correction.
x, y, and z coordinates are specified in the MNI space.
We would also like to acknowledge that our results demonstrated a sleep-facilitated consolidation benefit in older adults when an aggregate speed/accuracy performance measure was used (PI). When examining offline consolidation assessed with movement speed, results did, however, reveal a trend for a significant benefit in the Nap group when compared with the No Nap participants (P < 0.09; see Supplementary Material).
Activations During Initial Training Differentially Influence Subsequent Consolidation Depending on Post-Learning Sleep
We examined, for the first time in older adults, whether brain activation patterns during the initial MSL session could forecast subsequent offline behavioral changes. As the activation maps resulting from regressions with offline changes from the same-and nextday retests were similar, our discussion will collapse across the 2 consolidation intervals. Results demonstrated a differential relationship between activity in a motor-related network, including the parietal cortex, cerebellum, pallidum, and putamen (all bilateral), and offline changes depending on whether participants napped or remained awake following the initial learning session. Specifically, greater activity in these regions tended to favor offline changes in performance in the Nap group, but appeared to be detrimental in the No Nap participants. This suggests that sufficient activity in this motor-related network is a necessary prerequisite for sleep-dependent consolidation in older adults. It is thus tempting to speculate that insufficient activity in this network may have contributed to the lack of sleep-dependent effects in older adults reported in previous research (Spencer et al. 2007; Wilson et al. 2012; Pace-Schott and Spencer 2013; Fogel et al. 2014 ). This explanation, however, necessitates further investigation.
In young adults, activations in striatum and hippocampus during initial sequence learning have previously been linked to subsequent offline performance changes depending on whether or not a post-learning sleep opportunity was afforded (Albouy et al. 2008) . Consistent with these earlier studies, our results in older individuals indicated a significant interaction between activity in the lentiform nuclei, including bilateral putamen, during initial learning and sleep/wake states for the prediction of offline behavioral changes. Greater engagement of the putamen during initial training was more beneficial for motor memory consolidation in older adults if a post-learning nap was afforded. Interestingly, and in contrast to earlier research in young adults, post-learning sleep and hippocampal activity during initial training did not interact to influence offline performance changes in our cohort of older adults. Thus, we postulate that this may be attributed to the age-related differences in the temporal dynamics of hippocampal recruitment during initial learning. In young individuals, hippocampal activity decreases and striatal activity increases as a function of sequence learning (Schendan et al. 2003; Albouy et al. 2008) , whereas in older adults, activity in both the medial temporal lobe, including the hippocampus, and the striatum increases (Rieckmann et al. 2010) . Given that this competitive interplay between striatum and hippocampus is known to be critical for offline consolidation (Albouy et al. 2008; Albouy, Sterpenich, et al. 2013) , the altered dynamical pattern of hippocampal activations during initial learning evident in older adults (Rieckmann et al. 2010) may have precluded its role as a tag for subsequent sleepdependent consolidation.
In addition to the striatum, the superior parietal cortex and cerebellum (lobule 6 in particular) were also differentially related to subsequent offline processing in older adults depending on sleep opportunity following learning. The parietal cortex is thought to be involved in learning the spatial representation of the sequence (Hikosaka et al. 2002; Albouy et al. 2015) , the consolidation of which is known to be influenced by subsequent sleep/wake states in young adults (Cohen et al. 2005; Albouy et al. 2015) . The cerebellum is typically more active during the earlier, as opposed to later, stages of sequence learning (e.g., Doyon, Bellec, et al. 2009 ) and is presumed to be involved in error detection/correction and the optimization of movement parameters (e.g., Penhune and Doyon 2005; Penhune and Steele 2012) . To our knowledge, cerebellar activity has never been linked to subsequent sleep-dependent offline processing in young adults. It is thus possible that this finding reflects a compensatory or dedifferentiation mechanism for the aging motor system; however, this potential explanation cannot be addressed with the current research, given that we did not acquire data from young participants with this particular protocol.
Enhanced Consolidation in the Nap Group Reflected by Greater Activations in the Putamen and Medial Temporal Lobe
From initial training to the 8-h retest, the Nap group exhibited greater increases in activation in both the putamen and the medial temporal lobe (hippocampus and parahippocampus) when compared with the No Nap participants. These results are consistent with previous investigations in young adults in which similar activation increases have been observed over consolidation intervals that included sleep (Walker et al. 2005; Albouy et al. 2008; Debas et al. 2010; Steele and Penhune 2010; Albouy, Sterpenich, et al. 2013; Barakat et al. 2013; Fogel et al. 2014) and provide the first evidence of sleep-dependent cerebral plasticity in the putamen and hippocampus following MSL in older adults. Unlike results with young subjects in which these brain regions were associated with performance gains, our data in older adults demonstrated that sleep-related increases in the putamen and hippocampus were associated with stabilization, effectively preventing the deterioration evident in the No Nap group. Collectively, this pattern of results suggests that although post-learning sleep can benefit motor sequence memory consolidation in older adults, an effect mediated by the same neural correlates as seen in young, it does not appear to completely abolish the age-related consolidation impairment commonly observed in older adults (Spencer et al. 2007; Brown et al. 2009; Wilson et al. 2012) .
Relative to the No Nap group, the Nap condition also exhibited decreases in activation from training to the 8-h retest in the precuneus and premotor cortex (both bilateral). Decreased activation after sleep was previously reported in both the premotor (Fischer et al. 2005 ) and superior parietal cortices (Walker et al. 2005) . These results are consistent with reports describing decreases in activation in these regions associated with the learning process, changes that are thought to reflect a shift from an attention-demanding, self-monitoring performance mode to more automatized and efficient behavior (Jenkins et al. 1994; Jueptner et al. 1997; Toni et al. 1998; Steele and Penhune 2010; Albouy et al. 2012 ). In the context of the current experiment, a post-learning nap in older adults effectively facilitated this shift in processing modes across the same-day consolidation interval, reflected by decreased contribution of premotor and parietal regions and increased involvement of the putamen, known to be involved in more well-learned motor behavior (Doyon et al. 1998 ; Lehericy et al. 2005; Doyon, Bellec, et al. 2009 ).
There were no differences between groups in the changes in activation from the initial training to the 22-h retest session, suggesting that the group differences between training and the 8-h retest were minimized after participants experienced a full night of sleep. Thus, a post-learning nap enhanced consolidation at the behavioral level across both retention intervals, despite the lack of intersession changes in brain activity 22 h after training. There were, however, differences in cerebral activity between the 2 experimental groups during the 22-h retest, indicating that the neural substrates supporting performance in the nextday retest differed depending on post-learning nap opportunity. Specifically, the Nap and No Nap groups exhibited greater activity in the medial temporal lobe ( parahippocampus) and lateral cerebellum, respectively. Thus, the impact of a brief daytime nap afforded a long-lasting enhancement of motor sequence-related cerebral activity. As the cerebellum is more active during early sequence learning phases and is thought be critical for the detection and correction of movement errors (e.g., Shadmehr and Krakauer 2008; Doyon, Bellec, et al. 2009; Penhune and Steele 2012) , the greater cerebellar activations exhibited by the No Nap participants may reflect a less well-learned movement sequence. Consistent with our discussion of cerebral activity in the 8-h retest above, the Nap group remained more dependent on medial temporal lobe structures, and the parahippocampus in particular, which are known to be involved in the initial learning of sequences as well as their retrieval following a consolidation interval (Schendan et al. 2003; Albouy et al. 2008 Albouy et al. , 2015 . It is unclear as to exactly why greater activation was observed in the parahippocampus, as opposed to the hippocampus, in the Nap group during the 22-h retest. Previous research has indeed reported parahippocampal activity during MSL (Penhune and Doyon 2002; Schendan et al. 2003; Rieckmann et al. 2010) , but its precise role in the sleep-dependent consolidation of motor memories remains unknown.
Limitations and Future Directions
There are several potential limitations that warrant further discussion. First, the Nap/No Nap experimental protocol employed in this research required that participants complete the MSL task at different times of the day. Although this circadian variation might have contributed to within-group changes in both behavioral and imaging data across the different testing sessions, it cannot explain between-group differences as all participants were tested at the same times of day. Similarly, we cannot rule out the possibility that our differences between groups-specifically at the 8-h retest-can partially be attributed to higher levels of fatigue or homeostatic sleep pressure in the No Nap group due to not experiencing the same post-learning sleep opportunity as the Nap group. This explanation, however, is not entirely consistent with our data, as the 2 groups did not differ in subjective (as assessed by the SSS) or objective (Psychomotor Vigilance Test) measures of vigilance immediately prior to any of the MSL sessions. Higher fatigue and homeostatic sleep pressure would likely be reflected by decreased vigilance at the time of testing. Moreover, if fatigue or homeostatic sleep pressure contributed substantially to the group differences at the 8-h retest, one would expect the magnitude of these differences to decrease at the 22-h retest after all participants received a full night of sleep. Conversely, the behavioral difference between the 2 groups was nearly identical at the 2 retest sessions. Thus, although our experimental design does not allow us to definitely rule out the possibility of a time of day effect, the evidence above suggests that our results were not confounded by circadian variation or homeostatic sleep pressure. Second, the current research did not include healthy young control participants. Even though we are comfortable making comparisons with the extant literature based on previous research demonstrating consistent sleepdependent behavioral and imaging results in younger subjects (e.g., Fischer et al. 2002 Fischer et al. , 2005 Walker et al. 2002 Walker et al. , 2005 Albouy et al. 2008 , Albouy, Sterpenich, et al. 2013 Albouy et al. 2015; Debas et al. 2010; Fogel et al. 2014) , it is difficult to interpret our results in the context of aging per se without younger control groups completing an identical protocol. Finally, it is important to acknowledge that our sample of older adults was screened for sleep disturbances, cognitive impairments, as well as potential neurological, psychological, or psychiatric disorders. These individuals are thus likely part of the healthy or successful aging subgroup within the general population of older adults (e.g., Rowe and Kahn 1997) .
While the results from the current study indicated that a postlearning nap enhanced consolidation in older adults over sameand next-day retests, it remains to be seen whether this benefit would be evident over longer retention intervals (i.e., weeks, months, etc.). Similarly, whether post-learning sleep following each bout of practice in a multisession training program exerts a cumulative (and perhaps longer-lasting) effect on motor performance is not yet known. Both of these lines of research would be especially relevant for potential clinical applications, as there is evidence demonstrating that post-learning sleep facilitates learning in individuals who have suffered a stroke (Siengsukon and Boyd 2009a , 2009b , 2009c .
Conclusion
Our results demonstrated that a post-MSL nap opportunity enhanced offline consolidation across same-and next-day retests in healthy older adults. This sleep-facilitated effect was supported by greater activation in the putamen and medial temporal lobe, 2 substrates that have previously been linked to sleep-dependent memory consolidation in young subjects. Moreover, task-related activations in a motor-related network, including the cerebellum, putamen, pallidum, and parietal cortex, during the initial learning session forecasted subsequent offline changes in behavior; these relationships differed depending on whether a post-learning diurnal sleep opportunity was afforded. Critically, this latter finding is the first to link neural substrates subserving motor learning to subsequent offline consolidation in older adults and suggests that sufficient activation in a motor-related network is necessary to trigger sleep-facilitated consolidation in this population.
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